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     In this study, a new Distinct Element Method (DEM) code had been developed, and a series of rock test simulations, such as 
uniaxial compression test, uniaxial tension test and Brazilian test are performed to investigate the effects of particle number and 
size distribution on macroscopic mechanical properties of rock models. Each simulation result was in good agreement with actual 
experimental results conducted by previous researchers, and the findings obtained from this study can be summarized as follows. 
The variation of calculated values of macroscopic mechanical properties decreases with increasing the number of particles. When 
the number of particles is 10000 or more, stable results are obtained as a rock test. Moreover, macroscopic mechanical properties of 
rock model, such as uniaxial compressive strength, Young's modulus and uniaxial tensile strength are significantly affected by 
porosity of the rock model. Since small particles fill the space among large particles, the porosity of the rock model decreases with 
increasing the maximum/minimum radius ratio of the particles, and particles are densely packed in the rock model. When the 
particle is closely arranged, the displacement of each particle is restrained with the adjacent particles even if the bond between 
particles breaks. As a result, the macroscopic mechanical properties of rock model increase greatly. 
  Key words: Distinct Element Method (DEM), Rock, Particle size distribution, porosity, Macroscopic mechanical properties 
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fn=σ             (6) 2 解析手法の概要 
本研究では，膨大な計算時間を必要とし解析結果の解
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ここで， ，I，A，pE α はそれぞれ，粒子間の結合部分に
与えたヤング率，断面二次モーメント，結合部分の断面
積，法線方向と接線方向のばね定数比である．断面二次














る値を決定すること，つまり Calibration が必要である． 
ここで， ， ， はそれぞれ法線方向ばね，接線方
向ばね，回転拘束ばねのばね定数を， ， ，
nk sk θk
dn ds θd はそ
れぞれ法線方向変位，接線方向変位，回転変位を表して
おり，添字 i， j はそれぞれの粒子の番号を示している．
粒子間の結合は模式的に Fig.1 のようになっており，L は
結合されている粒子間の距離を表す．結合幅 D は 2 粒子
の半径の調和平均から次式で与えられる． 
 2･2 結合の破断による微小亀裂の表現 
ji rrL +=     (4) 
本研究では，次のように微小破壊の発生条件を定めた． 
L   













2     (5) 
LLLLLL   cττ ≥  結合の破壊条件２ 
また，粒子間に作用する垂直応力σ とせん断応力τ は作
用力 ， から次式で評価する． nf sf すなわち，破壊条件 1 のように引張応力σ があらかじ
め定める法線方向ばねの引張強度 cσ を超える場合，ある






は 2 粒子の中心を結ぶ直線と垂直な方向となる． 
本研究における式（6）による垂直応力の評価は，Fig.1
のように仮定した長さ L，幅 D の弾性梁の断面における
平均垂直応力となっている．一方，Potyondy and Cundall
の構築した parallel-bond model においては 2），粒子間に作
用する垂直応力σ を，モーメント を用いて評価しておθf











Fig.1  Bonded particles model. 
 Table1 Rock model properties 
Particle density:   2500 (kg/m3) 







デルと Potyondy and Cundallのモデルの最も大きな違いで
ある． 
3 各種岩石試験シミュレーションの概要 




























なお，Table2 と Fig.2 に示したシミュレーション結果に
は，4 章における Group D に属する岩石モデルを用いた． 











ヤング率やポアソン比は，実験と同様に radial strain が
 
Table2 Calibration results 
-Uniaxial compression test- 
UCS of rock model:  
Young’s modulus of rock model: 
Poisson’s Ratio of rock model: 
-Uniaxial tension test- 
Tensile strength of rock model: 
-Brazilian test- 










100 - 250 (MPa)
50 - 75 (GPa) 




7 - 25 (MPa) 
Friction coefficient of wall:  0.3 
Young’s modulus of particle ( E ):  145 (GPa) p
pPoisson’s Ratio of particle (ν ):  0.3 
Spring stiffness ratio (α ):  0.3 
Shear strength of bonding ( cσ ):  245 (MPa) 
Tensile strength of bonding ( ):  60 (MPa) cτ
(b) Uniaxial tension test 
Move upward
Move d
Fig.2  Loading condition for the simulation and 
spatial distribution of cracks. The solid 
lines indicate the crack generations 
ownward
Rock model






(a) Uniaxial compression test 
Fixed platen 





-0.01%となる時の軸応力と peak strength の 50%の値の割











































径 d から次式で求められる．  
dl
PSt π
2=     (11) 
ここで，l はモデルの長さをあらわすが，二次元であるの









 4･1 粒子数の影響 
岩石モデルを構成する粒子数が解析結果に与える影響
を検討するため，Table3 に示すような，粒子数の異なる 4






 Table3  Four data sets with different number of particles
For Brazilian test 
Diameter: 96mm
For uniaxial compression (tension) test 
Width: 51mm      Height: 143mm
 
Number of particles (average): 
Maximum particle radius: 
Minimum particle radius: 
Max/Min particle radius ratio: 





























Group A Group B Group C Group D 
Fig.3   Close-up views of a rock model in group A, B, C and D. Sixteen models are randomly generated for each group. 
 とした．各 Group における最大，最小粒子半径は，最大
／最小粒子半径の比を 2 として，Group A は粒子数が約
1000 個，Group B は約 2500 個，Group C は約 5000 個，
Group D は約 10000 個となるように決定した．Fig.3 は 4
つの Group A，B，C，D に属する 16 の岩石モデルからそ
れぞれひとつを選び，モデル内の一部分を拡大して粒子











































(d) Poisson’s ratio 
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(b) Uniaxial compressive strength (UCS) 
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(c) Young’s modulus 



























Number of particles 
(e) Tensile strength (Uniaxial tension test) 











(f) Tensile strength (Brazilian test) 
















































































 4･2 粒度分布の影響 
粒度分布が解析結果に与える影響を検討するため，
Table4 に示すような，最大粒子半径の異なる 4 つの Group 
E，F，G，H，各 16 個ずつの岩石モデルを作成した．Fig.5










































Fig.5   Close-up views of a rock model in group E, F, G and H. Sixteen models are randomly generated for each group. 
















































(a) Coefficient of variation 

























Particle radius (mm) 







(b) Uniaxial compressive strength (UCS) 



















(c) Young’s modules 


























(d) Tensile strength (Brazilian test) 





















(f) Poisson’s ratio 
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Table4  Four data sets with different Max/Min radius ratios. 
 
Number of particles (average): 
Maximum particle radius: 
Minimum particle radius: 
Max/Min particle radius ratio: 












































































参 考 文 献 
1) P.A.Cundall and O.D.L.Strack, “A discrete numerical 
model for granular assemblies”，Geotechnique, Vol.29, 
No.1, pp.47-65, ( 1979). 
2) D.O.Potyondy and P.A.Cundall, “A bonded- particle model 
for rock”, International Journal of Rock Mechanics and 
Mining Sciences, Vol.41, pp.1329-1364, (2004). 
3) J.Yoon, “Application of experimental design and 
optimization to PFC model calibration in uniaxial 
compression simulation”, International Journal of Rock 
Mechanics and Mining Sciences, Vol.44, No.6, pp.871-889, 
(2007). 
4) T.Koyama and L.Jing, “Effects of model scale and particle 
size on micro-mechanical properties and failure processes 
of rocks - A particle mechanics approach”, Engineering 
Analysis with Boundary Elements, Vol.31, No.5, 
pp.458-472, (2007). 
5) M.P.J.Schöpfer, C.Childs and J.J.Walsh, “Two-dimensional 
distinct element modeling of the structure and growth of 
normal faults in multilayer sequences: 1. Model calibration, 
boundary conditions, and selected results”, Journal of 
Geophysical Research, Vol.112, B10401, (2007). 
6) H.Shimizu, S.Murata and T.Ishida, “The applicability of 
distinct element modeling for rock fracture”, Journal of 
MMIJ, Vol.124, No.12, pp.777-784. (2008), (in Japanese). 
7) H.Shimizu, S.Murata and T.Ishida, “Distinct element analysis 
for rock failure under uniaxial compression”, Journal of 
MMIJ, Vol.125, No.3, pp.91-97. (2008), (in Japanese). 
8) H.Shimizu, T.Koyama, T.Ishida, M.Chijimatsu, S.Nakama 
and T.Fujita, “Distinct element analysis for ClassII 
behavior of rock under uniaxial compression”, 
International Journal of Rock Mechanics and Mining 
Sciences, (2009), (to be submitted). 
9) A.Fakhimi, “Application of slightly overlapped circular 
particles assembly in numerical simulation of rocks with 
high friction angles”, Engineering Geology, Vol.74, No.1, 
pp.129-138, (2004). 
10) H.Huang, “Discrete element modeling of tool-rock 
interaction”, PhD dissertation, Department of Civil 
Engineering, University of Minnesota, USA, (1999). 
11) R.D.Lama and V.S.Vutukuri, “Handbook on Mechanical 
Properties of Rocks II”, pp.289-398 (1992), Translated by 
H.Masuda and S.Tanaka,  Kokonsyoin. 
12) C.E.Fairhurst and J.A.Hudson, “Draft ISRM suggested 
method for the complete stress-strain curve for intact rock 
in uniaxial compression”, International Journal of Rock 
Mechanics and Mining Sciences, Vol.36, pp.279-289, 
(1999). 
13) E.T.Brown, “Rock characterization, testing and monitoring: 
ISRM. suggested methods”, (1981) Pergamon Press,. 
14) T.Moon, M.Nakagawa and J.Berger, “Measurement of 
fracture toughness using the distinct element method ”, 
International Journal of Rock Mechanics and Mining 
Sciences, Vol.44, pp.449-456, (2007). 
